ABSTRACT The trace element selenium is essential for clonal growth of diploid fibroblasts from human fetal lung in media containing small amounts of serum protein. Maximum growth stimulation is obtained when 30 nM neutralized selenious acid is added to a synthetic medium containing 1.5 mg/ml of dialyzed fetal bovine serum protein (equivalent to a 3% serum concentration). Serum appears to be a source of selenium in most culture media, since higher concentrations of serum protein or whole serum mask the selenium requirement of WI-38 cells. Selenium is also required by a Chinese hamster cell line that can be grown in a protein-free synthetic culture medium. The essential role of selenium (Se) in animal nutrition is well established. A recent review on the biology of Se states that Se-responsive diseases have been demonstrated in over 40 species (1). These include liver necrosis in rats (2) and swine (3, 4) , exudative diathesis in chickens (5), and white muscle disease in lambs (6) and calves (7, 8) .
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Advances have recently been made in the elucidation of the biochemical roles of Se (9) . In ovine tissue, Se is incorporated into and required for formation of a 10,000 molecular weight hemoprotein of muscle and heart (10, 11) . Se has been positively identified as an integral part of the enzyme glutathione peroxidase isolated from ovine and bovine erythrocytes (12, 13) .
Despite the extensive evidence that Se is an essential nutrient for many different animal species, there is a lack of direct evidence for a requirement for Se in human nutrition (14) . In this paper, we present evidence that Se is required for clonal growth of WI-38 diploid human fibroblasts. We believe this to be the most direct evidence that has yet been obtained that Se may also be required by humans as an essential nutrient. Evidence is also presented to show that an established line of Chinese hamster cells requires Se for clonal growth in a protein-free synthetic medium.
MATERIALS AND METHODS Chemicals. The source of Se in all experiments was "specpure" grade selenious acid from Johnson Matthey Chemicals, Ltd., London, England, and was neutralized with 4 M NaOH. For convenience of presentation, neutralized selenious acid is referred to simply as "H2SeO3" throughout this paper. All other chemicals used in preparation of media were from Sigma Chemical Co., except the inorganic salts, which were from Fisher Scientific.
Defined Media and Serum. All clonal growth experiments which used WI-38 cells were carried out in medium MCDB 103 (Table 1) Cells were harvested from the monolayer by mild trypsin treatment as follows: the growth medium was removed and the monolayer washed with two 3 ml aliquots of 0.05% (wt/vol) trypsin (pH 8.0) in a solution of 120 mM NaCl, 5 mM KCl, 5.5 mM glucose, and 26 mM NaHCO3 (Grand Island Biological Co., Santa Clara, Calif.). The monolayer was exposed to a third 3 ml aliquot of trypsin solution preheated to 370 and monitored visually until the majority of cells were rounded. The trypsin solution was carefully removed and 8 ml of medium containing 5 mg/ml of FBSP was added. The flask was shaken gently to remove cells from the culture surface, and the resulting cell suspension was pipetted up and down several times to break up tissue clumps. The suspension was then split 1:2 for inoculation (15, 18, 19) . Clonal growth experiments with CHO cells in protein-free medium were done as previously described (15) except that the trypsin was removed before the cells were detached. The cells were then suspended in protein-free medium and shaken gently as described above for WI-38 cells.
Measurement of Cell Growth. Cell growth was measured by the highly sensitive clonal growth technique (20, 21 Proc. Natl. Acad. Sci (Table 2) . When the medium is supplemented with 5% (vol/vol) FBS, no effect of added Se on growth can be detected. Similarly, 5 mg/ml of FBSP, treated and di- The data presented in Table 2 indicate that serum is a major source of Se in most celture media and that a substantial amount of the Se remains tightly bound to serum protein during dialysis. The limited background growth of WI-38 cells obtained in the absence of added Se is almost certainly due to bound Se in the serum protein preparation. The CHO cell, which requires far less Se for growth, and which can be grown in a protein-free medium in the presence of Se, requires a proportionally smaller amount of serum protein for growth in the absence of added Se (unpublished observations).
The fact that the CHO cells do not grow in the protein-free medium without added Se indicates that the chemicals and water used in medium preparation are quite free from Se contamination. This apparently has not always been the case. At one time, cell lines closely related to CHO could be grown in medium F12 without added Se (15) . However, it has not been possible to reproduce these results recently, and it now appears that the original growth was probably due to the presence of Se as a contaminant in the chemicals used in earlier experiments. Conditions necessary for conal growth of CHO and other Chinese hamster lines (which also appear to require Se) in the absence of serum proteins will be described in detail in a separate paper.
Addition of Se to the culture medium, together with adjustment of amino acid concentrations (25) , has reduced substantially the amount of serum protein needed for good clonal growth of WI-38 cells. Preliminary observations (unpublished) indicate that further reduction of the protein requirement can be achieved by supplementation of the medium with additional trace elements and by further adjustment of the concentrations of nutrients already in the medium. Elimination of the need for protein(s) that carry Se has improved the sensitivity of the growth assay for the remaining undefined substances in serum which promote growth.
WI-38 cells require more Se for growth than CHO cells, and are also more sensitive to toxic excesses of Se. Although this effect could be due to the presence of FBSP in the medium for the human cells, unpublished experiments with other nutrients suggest that a more generalized pattern exists. The aneuploid CHO line tends to be both more efficient in the utilization of trace amounts of nutrients and more resistant to the toxic effects of nutrient excesses than the "normal" diploid WI-38 culture.
A variety of established cell lines have been grown in monolayer or suspension culture in protein-free "defined" media without added Se (22, 23) . Such growth probably reflects a combination of contamination of the media that were used with tein-free synthetic medium. The clonal growth assays were carried out as described in Fig. 3 . Each point shown is the average of four separate petri dishes with the variation among dishes indicated.
traces of Se plus highly efficient utilization of such contaminants. The widespread requirement for Se in animal nutrition (1) , plus the specific requirement for Se by cultured cells from two diverse species that has been demonstrated here, make it appear quite likely that all cultured vertebrate cells will ultimately be shown to require Se for growth. However, such a conclusion must be regarded as conjectural until carefully controlled experiments are run with many more types of cells in media that are known to be free from Se contamination.
The specific biochemical function of Se for the promotion of cellular growth in culture remains unknown. However, Se is known to be an integral part of the enzyme glutathione peroxidase, which plays a key role in the removal of metabolically generated peroxides from cells (1, 12, 13) . Two observations from other laboratories are consistent with the possibility that Se might be involved in the protection of cultured cells from oxidative damage.
Taylor et al. (24) studied clonal growth of WI-38 cells in medium IMEM-ZO, which qualitatively contains most of the ingredients of MCDB 103 except Se, although a number of nutrient concentrations are quantitatively different. They obtained good growth at reduced oxygen tensions, but found that 20% oxygen was quite toxic and that the toxicity varied with the lot of serum that was used. If the serum that they used was from cattle pastured in areas of the country that are relatively deficient in Se, their cells could have been marginally deficient in glutathione peroxidase and therefore particularly sensitive to oxidative damage. We have not done specific experiments on oxygen toxicity. However, plating efficiencies near 50%, with no indication of toxicity, were consistently obtained in the experiments reported here and in a previous paper (25) . All such experiments were performed in incubators gassed with 95% air and 5% carbon dioxide (saturated with water vapor) at an altitude of 5400 feet (1647 in). The partial pressure of oxygen that the cells were exposed to corresponds to approximately 16 . Direct demonstration of a human nutritional requirement is difficult to achieve. The problem becomes even more difficult for a trace nutrient, which must be meticulously removed from all components of the diet without the destruction of other nutrient values, and which may have to be depleted for a long period before deficiency symptoms appear. In the past, the use of cultured cells to study human nutritional requirements has been severely limited by the necessity for the use of either large amounts of serum to obtain growth of normal cells, or of highly evolved established cell lines whose nutrient responses are significantly different than those of recently isolated normal cells. The improved medium described in this paper, which will support clonal growth of WI-38 cells when supplemented with small amounts of dialyzed serum protein, makes the use of cultured cells as a tool in studying human nutrition much more feasible. Experiments currently in progress indicate that further reductions in the serum protein requirement for growth of WI-38 cells can be achieved, and that with less protein in the medium it will be possible to demonstrate specific requirements for.additional inorganic trace nutrients for growth ofithe cells.
The present data, which show that a cultured human cell population requires Se, plus widespread evidence that many animal species including primates require Se (1, 14) , strongly support the likelihood that Se will ultimately be proven to be an essential nutrient for humans. Many other cultures of human cells need to be examined, however, before firm conclusions are drawn. The possibility that WI-38 and certain other cell types could have specialized requirements for Se that are not representative of cells in general cannot be ruled out completely by the current data.
Note Added in Proof: We have confirmed the report by Taylor et al. (24) that reduced oxygen tension improves clonal growth of cells. The benefit is greatest without added Se, but improvement is also seen with optimum amounts of Se in the medium. Reduced oxygen (1% oxygen, 94% nitrogen, 5% carbon dioxide) does not fully replace the need for Se. Growth is improved by the addition of 30 nM Se at all oxygen concentrations tested (1, 5, 10 , and 20%). Several other lines of human diploid fibroblast-like cells derived from amniotic fluid, fetal lung, and newborn foreskin also require selenium.
